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2+ I Why Wake Control?

Conflicting needs in siting of wind plants:

AWe wansmall plant footprintsto
A Reduce cablaying installation and maintenance costs
A Accommodate zoning
Environmental requirements

Shipping lanes (offshore) Horns Rev wind plant (Photo: Vattenfall) -
Setbacks 1 Horns Rev data: adapted from [3]
i _ Wind direction =270 5J —5— Stabl
ABut we needvide spacingto AN o Unstable |
A Mitigate power losses due to wakes, especially in offshore stable ' \ . —-B-—Neutral
tmospher R it = S =t ¥ - P
atmospheres Eo‘ﬁ_ & —E~“‘E|——-E|——E——E|-——E|_—-E‘;\;\§
Deep array power losses have been observed larger than 40%
for aligned turbines in stable atmospheric boundary layers
04 I 1 I 1 |
(ABLs) [1,2]. 0 1000 2000 3000 4000 5000
A Reduce fatigue loads due to wake effects Distance [m]

As offshore turbine diameters increase, the spacing problem worsens.



s I Pros/Cons of Existing Wake Control Techniques
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Operatin : .
perating Pros Cons : Commercial Packagg
Principle :
Small AEP increases possible : Large power loss in controlled
. turbine(s :
o) : (s) : Wind sector
= Deficit Small load reductions possible . Actuation required in most turbines : management packag
8 Managemen . High uncertainty in achieving beneflts sometimes integrate
: derating
. Typically opettoop control
- Small AEP increases possible : Large power loss in controlled turblne(s)
c
5 N Small load reductions on some turblnes Actuation required in most turbines SiemenSamesa
Q Deficit : :
) . Increased loads on some turbines Wake Adapt
Management : : 0 .
< - . . . ( 1% AEP gain),
ol . Difficult for tight spacing scenarios N
= : others”
. Typically opetioop control
Welksuited for closetbop control with : Load increases on actuated turbine(s)
o active sensing input
x o Limited subset of turbines require . Increased actuator wear (if active pltch
= Deficit actuation - control used) N/A
G) _ :
= Reenergizing In deep array scenarios, power gains |l
= relatively insensitive to turbiwend

Primary source: Houck [4]
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Pros/Cons of Existing Wake Control Techniques

ZA Adapted from Stevens and Meneveau([5]

GEOSTROPHIC WIND (U, V,
Atmospheric boundary layer (ABL)  Height =4 (Ue: Vo)

Isocontour®f turbulent MKE

Entrance region " .mtema\B\_ )
THERMAL oo Turbulent entrainment of FULLY entrainment from Newman et al. [6]
STRATIFICATION .\q‘o" mean kinetic energy DEVELOPED
INCOMING W WTABL show that, once the boundary layer

ABL . .
develops, entrainment from above is

fairly constant moving down the
turbine column

ARRRNRRE!

X

Reenergizing of flow in deep arrays comes from aloft, but the entrainment from above can only be as large as
turbulent mixing allows (see also the analogous canopy flow)

Wake steering/derating are deficdnagemichniques; no matter how much steering/derating is done, you are not
affecting the vertical entrainment of MKE to the first order

AWM is fundamentally different than wake steering/derating because it intergeaalyzibe deficit
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s I Targeting Inherent Wake Instabilities

e

Bluff-body instabilities:

Inherent wake instabilities
A Hub vortexd frequency scaling not unanimously agreed
A Tip vortex 8 frequency scaling on RPM
A Bluff bodyd frequency scaling ovi 7O

Flow normal to disk:

Initial Coherent structures with  0.15
perturbations help to entrain ambient fluid

Flow normal to wind turbine:
A o[ There is] vortex shedding
i n the same way as one woul d

-Medici and Alfredsson [8]

A Recent authors have fourréferred excitation frequencies
found in thed range of 0:D.5 [914]

]
L, Preferred frequencies are lower than those of the tip I
vortex instability (roughly an order of magnitude
lower for the configuration of this study)

Exciting bluff body instabilities is another approach to
improving wake recovery




o I Control vectors for Active Wake Mixing (AWM)

What are possible control vectors for implementing wake control? <12

Periodic yawing: typical yaw rates of large turbinesl®f8r the NREL 5SMW [15]) may leo slowto
achieve meaningful oscillation amplitude needed to gain active control authority

Periodic rotor speedgenerator speed control (almost instantaneous response) priiigdest responde gain I
active control authority

- - - - - . . - . - - .
Periodic pitching: blade pitch rates providefficient responge gain active control authority f
Our analysis considers a periodic pitching control strategy for an upstream turbine* in Region 2.5:
amplitude phase ¥ 0J
& Di : \ N \ oo x 2
Pitch control: . 51 DY O b6 & — % For example; & mip'hc tbv J
/o \ \ n=0 p ch &

dynamlc conventional pltCh Strouhal number azimuthal %0 Tt J

pitch set point mode .

setting o) ® I

number

Question: how do we choose pitching parameters to maximize wake benefits?

* Downstream turbine uses the default control strai
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11 I Using Linear Stability Analysis to Model Large Scale Structures in Wakes

Flow disturbances at the rotor can be analyzed using Linear
Stability Analysis
A Flow quantities are decomposed in terms of mean and fluctuating
components
6 i ™Mify 063)Q
Yofihbd  Yife TYI)Q
A For inviscid parallel flow, problem collapses to Rayleigh equation
(Batchelor & Gill [16] ; Drazin & Reid [17]):

— =

—— Neutral

—— Stable

Mean deficit
feeds into
Rayleigh
equation

w oo \oo pmo

—— Neutral
—— Stable

Wake deficit Wake deficit

o, Qi

Q NH (p c'Q,) Q nHU <é
l

2B

Use spatial stability analysis: disturbances grow downstream
A Solve for eigenvalues| | 0

TOT ORDA

Results of buoyancy-informed stability analysis

A ¢ pand & Tmmodes are most unstable

A Strouhal numbers 3 O "Q@ Y= 0.2-0.4 are dominant frequencies
A Stable stratification suppresses lower frequency modes

Growth rates

—— MNeutral
--- Stable
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Canonical Inflow Examples

Visualization of large -scale structures
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Example of AWM using IPC

A Force at St=0.30 with varying ¢

A Steady uniform inflow at 6.4 m/s, free space

A AWM through IPC excites large scale structures earlier

€ T
(a.k.a., collective dynamic
induction control)

velocity Magnitude

More
pitch

Less
pitch

3 P

(a.k.a., helix control [18])

corkscrewing

velocity Magnitude
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14 I Time averaged wake planes

AWM using IPC

A Force at St=0.30
with varying ¢ and
blade pitch
amplitude

A Neutral inflow at
6.4 m/s and shear
| =0.17, with
ground effect

A No turbulence

Streamwise velocity [m/s]



